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The new antimonato polyoxovanadate [VIV16Sb
III
4O42(H2O)]
8− cluster (1a) is the main structural motif of
the solvothermally obtained compound {(trenH2)Zn(tren)}2[V16Sb4O42(H2O)]·xH2O (x = 6–10) (1) (tren
= tris(2-aminoethyl)amine). The C2-symmetric cluster structure is closely related to the {V18O42}
archetype. 1 crystallizes in the monoclinic space group C2/c with a = 30.7070(19) Å, b = 13.9512(5) Å,
c = 23.1435(14) Å, β = 128.076(6)°, and V = 7804.8(7) Å3. The orientation of the [SbIII2O5]
4− groups in
each cluster leads to intermolecular Sb⋯O contacts and the formation of channels between the clusters.
[Zn(tren)(trenH2)] complexes with trigonal bipyramidal coordination environments are located between
the [V16Sb4O42(H2O)]
8− anions, and form a three dimensional network with them via strong N–H⋯O
hydrogen bonds. Up to 250 °C crystal water molecules are emitted, which are reversibly incorporated in
humid air.
Introduction
The class of polyoxovanadate (POV)-based materials generates
increasing interest not only due to a diversity of cluster struc-
tures, but also due to their potential use in supramolecular,
analytical and clinical chemistry to medicine, as electronic and
protic conductors, in batteries and in nanoscale magnetic
materials.1–6 Several reduced POVs (containing VIV spin
centers) have been used as model systems to explore unusual
magnetic properties,7,8 several of them linked to geometrical
spin frustration.9
Importantly, POV clusters have been successfully modified,
e.g. by substituting VO5 pyramids of the cluster shells by het-
eroatoms such as As,10–21 Sb,22–28 Ge,29–32 or Si.33–35 Compared
to the arsenato POVs with typical compositions [V14As8O42]
4−,
[V15As6O42]
6−, or [V16As4O42]
8−, analogous antimony-substi-
tuted polyoxovanadates are less explored (primarily due to solu-
bility issues of antimony reactants) and therefore their physical
properties are barely investigated. Antimony-modified POVs sig-
nificantly expand the area of POV chemistry due to the introduc-
tion of a different functionality compared to the As-containing
congeners. Several properties of antimony-based POVs are
promising for different potential applications like in sorption,36
selective oxidation reactions,37 and as deNOx catalysts4 or het-
erogeneous oxidation catalysts.38 Further investigations have
shown that the antimony cations have a stabilizing effect on
polyoxometalates at high temperatures.39
Recently, we and others were able to synthesize Sb-based
POV clusters like [V14Sb8O42]
4−, [V15Sb6O42]
6−, and
[V16Sb4O42]
8− both as discrete architectures as well as 2D or 3D
networks.22–28 Additionally, we successfully modified such
anions by covalent attachment of organic molecules to the
POV cluster shell, for example in [VIV14Sb
III
8(aep)4O42-
(H2O)]·4H2O and (aepH2)2[V
IV
15Sb
III
6(aep)2O42(H2O)]·2.5H2O
(aep = N-(2-aminoethyl)piperazine),40 in two pseudopoly-
morphic {Ni(dien)2}3[V15Sb6O42(H2O)]·xH2O (x = 8, 12) and
{Ni(dien)2}4[V16Sb4O42(H2O)] (dien = diethylenetriamine).
41
In this work we present details about the synthesis and charac-
terization of the new compound {(trenH2)Zn(tren)}2-
[V16Sb4O42(H2O)]·xH2O (1), comprising the spherical cluster
shell [V16Sb4O42(H2O)]
8− (1a). In contrast to all hitherto
reported analogues, [V16Sb4O42(H2O)]
8− and [V16As4O42-
(H2O)]
8−, which exhibit a D2h-symmetric {V16} skeleton, the
position of {Sb2} groups in 1a reduced the symmetry of its
metal skeleton to C2.
Results and discussion
Compound 1 crystallizes in the monoclinic space group C2/c
with four formula units per unit cell. Selected crystal data
and details of the structure determination are summarized in
Table 1.
The main structural motif in the crystal lattice of 1 is the
[V16Sb4O42(H2O)]
8− cluster with one H2O guest encapsulated at
the center of the spherical shell (Fig. 1). The distances between
its oxygen atom and the V centers of the cluster range from
3.7095(1) to 3.9538(1) Å. The spherical shell is derived from the
†Electronic supplementary information (ESI) available. CCDC 866641.
For ESI and crystallographic data in CIF or other electronic format see
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{V18O42} archetype by substituting two VO5 pyramids by two
Sb2O5 handles being composed of corner-linked SbO3 groups
(Sb–O bond lengths: 1.947(4)–1.966(4) Å; Sb–O–Sb bond
angle: 93.74(17)–98.22(17)°) (Tables S1 and S2, ESI†), resulting
in a total of 16 VO5 square pyramids and 2 Sb2O5 moieties.
Eight edge-sharing VO5 pyramids form the central ring being
capped by four edge-sharing VO5 polyhedra on each side. The
caps are perpendicular to the ring but not to each other and share
edges with the VO5 pyramids of the central ring.
Bond valence sum (BVS) calculations show that the oxidation
state of all V centers is close to +4 (3.96–4.13, see Table S3†),
which is consistent with the charge balance and is also
confirmed by the strong, unsplit band at 954 cm−1 in the IR
spectrum. BVS calculations for the Sb atoms yield the values
3.11 and 3.21 for Sb1 and Sb2, respectively, and for Zn2+ yield
2.27.
In contrast to other cluster anions [V16Pn4O42(H2O)]
8− (Pn =
As, Sb) that comprise D2h-symmetric {V16} skeletons,
42 the
{V16} substructure in 1a in stark contrast exhibits C2 symmetry
(Fig. 1 and 2). The resulting pseudorhombicuboctahedron
formed by the 20 μ3-bridging oxygen atoms can formally be
derived from the rhombicuboctahedron by 45° rotation of one
half (Fig. 2).
Like in all polyoxovanadate clusters based on the {V18O42}
archetype, long basal V–O (1.910(4)–2.022(4) Å) and shorter
terminal VvO (1.607(4)–1.645(4) Å) bonds are observed
(Table 2).
The shortest V–V distances are between 2.729(2) and 3.1013
(13) Å (avg. 2.915 Å; Δ 0.3723 Å). A detailed comparison with
the geometric parameters of other [V16Pn4O42(H2O)]
8− clusters
with D2h symmetry reveals some significant differences,
especially for the V⋯V distances. In the [V16Sb4O42(H2O)]8−
shells the V⋯V separations vary from 2.8451(17) to 3.0607(17)
(avg. 2.98; Δ 0.2156 Å) for [C6H17N3]4[Sb4V16O42]·2H2O,
24
from 2.9067(9) to 3.0341(9) (avg. 2.96; Δ 0.1274 Å) for
[V16Sb4O42(H2O){VO(C6H14N2)2}4]·10H2O·C6H14N2,
26 and
from 2.9145(8) to 3.0468(8) (avg. 2.96;Δ 0.1323 Å) for
[Zn2(dien)3][{Zn(dien)}2V16Sb4O42(H2O)]·4H2O.
28 Similar
values are also found for the [V16As4O42(H2O)]
8− cluster
(2.9105(12)–3.0427(11) Å; avg. 2.98 Å; Δ 0.1322 Å).42
There are one crystallographically independent Zn2+ cation
and two tren groups located on general positions. The Zn2+ ion
coordinates to four N atoms from one tetradentate neutral tren
ligand and one N donor from the second (doubly protonated)
trenH2 (Fig. 3). This binding mode of tren has been observed
in [Co(tren)(trenH2)]2{[Co(tren)]2V15Ge6O42S6(H2O)}·9H2O
43
Fig. 1 The [V16Sb
I
4O42(H2O)]
8− anion of compound 1 using displace-
ment ellipsoids (50% probability level). The water molecule at the
centre of the cluster is not shown for clarity.
Table 1 Selected crystal data and details of the structure determination
of 1
Sum formula C24H90N16O49Sb4V16Zn2
Formula weight 2819.8804
Crystal system Monoclinic
Space group C2/c
a/Å 30.7070(19)
b/Å 13.9512(5)
c/Å 23.1435(14)
β 128.076(6)°
V/Å3 7804.8(7)
Z 4
Density/g cm−3 2.384
Reflections collected 36 771
Independent reflections 9130
Rint 0.0698
R1 for [I > 2σ(I)] 0.0427
GooF 1.005
wR2 for all reflections 0.0952
T/K 293
Fig. 2 Left: the previously reported [V16Sb4O42]
8− cluster with D2h-symmetry. Middle: the [V16Sb4O42]
8− cluster 1a. Right: overlay of the {V16}
skeletons of the two [V16Sb4O42]
8− cluster types; dashed: D2h-symmetric {V16}; solid: C2-symmetric {V16}.
6958 | Dalton Trans., 2012, 41, 6957–6962 This journal is © The Royal Society of Chemistry 2012
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with a doubly protonated trenH2 group as in compound 1, and in
[Mn(tren)(trenH)]SbS4 with a monoprotonated amine.
44 This
binding mode of tren was also found in the structures of [Mn-
(tren)2]Cl2,
45 Mn2(tren)3[Mo2O2S6]2·3H2O,
46 [Ni3(tren)4(H2O)2]-
[Cr(oxalate)3]2·6H2O,
47 Ni2(tren)3(Mo2O2S6)2·2.75H2O,
48
Co2(tren)3(MoS4)2,
48 and [Cd7(tren)12](ClO4)14
49 all containing
neutral tren. The resulting ZnN5 trigonal bipyramid is severely
distorted with Zn–N bonds from 2.066(6) to 2.269(5) Å
(Table S4†). The Zn–N bond lengths are in agreement with pub-
lished data.50–53
In 1, the clusters are arranged in layers parallel to the (010)
plane. The water molecules and the Zn2+ complexes occupy the
area between these layers. Along the a- and c-axes the layers
alternate in an ...ABAB... fashion (Fig. S1†) and the cluster
anions are arranged so that the Sb2O5 units alternate up and
down. The Zn(tren)2 moieties of the [(trenH2)Zn(tren)]
4+ com-
plexes are directed towards each other forming pairs (Fig. S2†).
In total, 15 N–H⋯O hydrogen bonds (2.775–3.471 Å) are
identified between the Zn2+ complexes and the clusters anion
and/or water molecules (Table 3, Fig. 4). This interlinks three
cluster anions and one complex cation to a 2D network. The
weaker Sb⋯O interactions expand this into a 3D network.
Thermogravimetric analysis shows that 1 decomposes with a
total mass loss of Δmexp = 49.5 wt% in the temperature range
from 30 to 800 °C, accompanied by endothermic events. The
first mass loss covers a large temperature range from 30 to
250 °C (Δmexp = 4.3 wt%), and is due to the loss of 7 water mol-
ecules as confirmed by mass spectrometry (Fig. 5).
The simultaneous emission of a tren fragment and water mol-
ecules occurs at ca. 358 °C and is accompanied by an intense
Table 2 V–O bond lengths of compound 1. Estimated standard deviations are given in parentheses
V–O Å V–O Å V–O Å V–O Å
V(1)–O(14) 1.638(4) V(3)–O(9) 1.607(4) V(5)–O(20) 1.607(4) V(7)–O(16) 1.641(4)
V(1)–O(17) 1.922(4) V(3)–O(17) 1.910(4) V(5)–O(6) 1.939(4) V(7)–O(3) 1.923(4)
V(1)–O(3) 1.940(4) V(3)–O(6) 1.932(4) V(5)–O(11) 1.959(4) V(7)–O(11) 1.926(4)
V(1)–O(11) 1.957(4) V(3)–O(1) 1.978(4) V(5)–O(19)#1a 2.012(4) V(7)–O(8)#1a 1.963(4)
V(1)–O(12) 1.971(4) V(3)–O(4) 2.005(4) V(5)–O(5)#1a 2.022(4) V(7)–O(19)#1a 2.016(4)
V(2)–O(13) 1.624(4) V(4)–O(6) 1.925(4) V(6)–O(7) 1.631(4) V(8)–O(15) 1.645(4)
V(2)–O(12) 1.931(4) V(4)–O(1) 1.946(4) V(6)–O(17) 1.920(4) V(8)–O(3)#1a 1.920(4)
V(2)–O(2) 1.940(4) V(4)–O(5)#1a 2.020(4) V(6)–O(12) 1.943(4) V(8)–O(2) 1.941(4)
V(2)–O(8) 1.962(4) V(4)–O(21) 1.636(4) V(6)–O(4) 1.963(4) V(8)–O(2)#1a 1.941(4)
V(2)–O(18) 2.007(4) V(4)–O(1)#1a 1.921(4) V(6)–O(18) 1.970(4) V(8)–O(8) 1.989(4)
aAtoms marked with #1 generated by symmetry transformation −x, y, −z + 1/2.
Fig. 3 The transition metal complex [(N4C6H20)Zn(N4C6H18)]
4+.
Table 3 Hydrogen bond lengths (Å) and angles (°). Estimated standard
deviations are given in parentheses
D–H d(H..A) ∠DHA d(D..A) A
N8–H8A 1.92 161.30 2.774 (7) O14
N8–H8B 1.96 162.5 2.817(7) O16#1a
N8–H8C 2.17 167.8 3.044(9) O23
N3–H3A 1.95 162.0 2.817(7) O21#2a
N3–H3B 2.30 154.2 3.137(11) O24#3a
N2–H2A 2.05 158.1 2.906(7) O9#1a
N2–H2B 2.28 149.5 3.087(7) O20#2a
N5–H5A 2.15 170.6 3.039(7) O14#1a
N5–H5B 2.38 156.0 3.221(7) O15#3a
N1–H1C 2.64 154.6 3.471(7) O16
N1–H1D 2.09 145.1 2.878(8) O7#1a
N7–H7C 2.11 165.4 2.977(8) O15
N7–H7D 2.44 148.1 3.235(8) O21#2a
N7–H7D 2.54 111.9 2.991(8) O21#4a
N7–H7E 2.29 137.9 3.012(8) O15#3a
aAtoms marked with # generated by symmetry transformations (#1: −x,
−y + 1, −z + 1; #2: x, y + 1, z; #3: −x, y, −z + 1/2; #4: −x, y + 1, −z +
1/2).
Fig. 4 Three clusters connected to a transition metal complex by
hydrogen bonds. Aliphatic H atoms are omitted.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 6957–6962 | 6959
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endothermic peak. The decomposition reaction is not complete
at 800 °C and the decomposition product at 800 °C was ident-
ified as V2O3 and SbZn. The endothermic event at 612 °C is due
to melting of the vanadium oxide.
To examine whether the compound remains intact after loss of
water, a sample was heated to 250 °C and the product was inves-
tigated by X-ray powder diffraction. In the powder pattern
intense reflections can be observed between 2θ = 7 and 8°
(Fig. 6). The reflections exhibit a shift to smaller 2θ values com-
pared to those of the genuine material. Such behavior was
already observed for (Ni(N3C5H15)2)2[{Ni(N3C5H15)2}-
V15Sb6O42(H2O)]·8H2O (N3C5H15 = N-(2-aminoethyl)-1,3-pro-
panediamine).54 The CHN analysis of the sample heated to
250 °C exhibits only a minute loss of organic components (CHN
before: C 9.94, H 3.4, N 7.5%; CHN after thermal treatment:
9.29, 2.9, 7.42%). After storing the sample in water overnight at
room temperature, both reflections shifted back to the original
position (Fig. 6).
The (−111) and (−202) layers host the water molecules and
transition metal complexes (Fig. 7). The shift of both peaks to
lower 2θ values upon heating indicates a decrease of the distance
between the clusters. Unfortunately, the quality of the single
crystals after the thermal treatment was too low for single crystal
structure analysis.
UV spectra demonstrate that the compound is soluble in
ethanol and methanol (Fig. S3†). The absorption maxima of the
UV spectra occur at 225 nm for ethanol and at 220 nm for
methanol solutions.
The low-field magnetic susceptibility of 1 indicates strong
antiferromagnetic coupling between the spin-1/2 vanadyl groups
that is typical for polyoxovanadate(IV) shell-type cluster anions.
Consequently, χmT increases only to 3.8 cm
3 K mol−1, well
below the value of 6.0 cm3 K mol−1 for 16 uncoupled vanadyl
groups (for giso = 2.0). Between 20 and 70 K the χmT vs. T
graph displays a well-defined broad shoulder at approx. 1.8 cm3
K mol−1, formally comparable to the value expected for five
uncoupled s = 1/2 spin centers (Fig. 8). Towards lower tempera-
tures, χmT drops sharply, and a singlet ground state appears
Fig. 5 DTA-TG-MS trend scan curves of 1. Intensities of the signals
are in standardized units, m/z 17 = OH; m/z 18 = H2O and m/z 56 =
C2N2H4 – fragment of the tren molecule. Gas flow 75 mL min
−1.
Fig. 6 X-ray powder patterns of 1 in the range of 7–8° 2θ after differ-
ent treatments. Measured before the thermal treatment: black line;
measured after the thermal treatment (250 °C): red line/green line;
measured after treatment with H2O: blue line.
Fig. 7 Arrangement of the clusters in compound 1. The (−111) and
(−202) planes are highlighted in light blue. The clusters are illustrated as
red balls.
Fig. 8 Temperature dependence of χmT for 1 at 0.1 Tesla. The solid
graph represents a visualization aid.
6960 | Dalton Trans., 2012, 41, 6957–6962 This journal is © The Royal Society of Chemistry 2012
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plausible for 1a. Note that the observed susceptibility data for
this C2-symmetric V16 spin polytope drastically differ from the
reported data for [Zn2(dien)3]{[Zn(dien)]2V16As4O42-
(H2O)}·3H2O comprising a D2h-symmetric V16 polytope,
42
where no plateau or shoulder is observed and much stronger AF
coupling results in a continuous increase of χmT with increasing
temperature to reach a room temperature value of only approx.
2.4 cm3 K mol−1. This highlights the essential role of connec-
tivity modes of the V(vO)O4 pyramids in {V
IV
18O42}-derived
spin structures for the resulting magnetism. However, we note
that the multitude of exchange pathways in 1a, including –O–,
–O–SbIII–O–, and weaker –O–SbIII–O–SbIII–O– bridges, results
in numerous distinct exchange energies and, due to over-parame-
trization, effectively prevents fitting the available susceptibility
data to e.g. a simple Heisenberg exchange-type spin Hamil-
tonian; additional low-temperature magnetization, ESR, and
inelastic neutron scattering data will be required to unambigu-
ously establish a model formulation.55
Conclusions
All [V16Pn4O42(H2O)]
8− (Pn = As, Sb) cluster shells reported in
the past exhibited a D2h-symmetric {V16} skeleton. The title
compound represents the first example for such a cluster shell
with a different symmetry of the {V16} skeleton. The symmetry
reduction is caused by the different positions of the Sb2O5 moi-
eties in the [V16Sb4O42(H2O)]
8− cluster. While geometric para-
meters like V–O and Sb–O bond lengths are only slightly
affected by the symmetry change, the V–V separations are differ-
ent to those of other [V16Pn4O42(H2O)]
8− ions and they scatter
over a larger range compared to clusters with approximate D2h-
symmetry. Hence the magnetic properties of the title compound
are totally different due to altered exchange pathways between
the VIV d1 centers. The UV-spectra of methanol and ethanol sol-
utions evidence that the cluster is soluble in these solvents. The
compound is stable up to 250 °C, as confirmed by X-ray powder
patterns.
Experimental
Syntheses of the compound
A mixture of 1.1 mmol NH4VO3, 0.4 mmol Sb2O3 and
0.4 mmol Zn(NO3)2·6H2O in 4 mL of a 50% aqueous tren sol-
ution was sealed in a 30 mL PTFE-lined stainless steel autoclave
and heated to 130 °C for 7 days. The pH of the reaction mixture
before the synthesis was 12.5 and decreased to 12.2 in the
course of the reaction. After cooling to room temperature the pre-
cipitate was filtered and washed with water and acetone, and
dried in vacuum. Compound 1 consists of brown agglomerates
consisting of small rectangular crystallites (Fig. 9). Yield: 47%
based on Sb. Elemental analysis: C 9.94, H 3.4, N 7.5%, calcd C
10.2, H 3.2, N 7.9%. IR (ν/cm−1): 3224 (m), 3142 (m), 2938
(w), 2872 (w), 1576 (m), 1472 (m), 1363 (w), 1320 (w), 1284,
1130 (w), 1078 (m), 954 (s), 712 (s), 679 (m), 625 (m), 534 (m),
451 (m), 389 (m).
Crystal structure determination
The X-ray intensity data of a single crystal of compound 1 with
dimensions of 0.080 × 0.091 × 0.106 mm3 were collected at
room temperature using a STOE-1 Imaging Plate Diffraction
System (IPDS-1) with Mo Kα radiation (λ = 0.71073 Å). The
raw intensities were treated by standard procedure applying
Lorentz polarization as well as absorption correction. Selected
crystal data and details of the structure determination are sum-
marized in Table 1. The structure was solved by direct methods
with SHELXS-97.56 Crystal structure refinements were done
against F2 using SHELXL-97.56 The CH and NH hydrogen
atoms were positioned with idealized geometry and refined using
a riding model. The H atoms from water were not located. A
numerical absorption correction was performed (Tmin/Tmax
0.5302, 0.5729). Crystallographic data have been deposited in
the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC 866641.
Elemental analysis
CHN analyses were done using a EURO EA Elemental Analy-
zer, fabricated by EURO VECTOR Instruments and Software.
IR spectroscopy
IR/NIR spectroscopy investigations were performed at room
temperature using an Alpha P FT-IR spectrometer from Bruker.
The IR spectra were measured from 400 to 4000 cm−1.
Thermal analysis
The DTA-TG investigations were carried out in a nitrogen atmos-
phere (purity: 5.0; heating rate: 4 K min−1; flow rate: 75 mL
min−1; Al2O3 crucibles) using a Netzsch STA-409CD instru-
ment, which was equipped with a Balzers QMA 400 Quadrupole
Mass Spectrometer.
X-ray powder patterns
X-ray powder patterns were performed on a STOE STADI P dif-
fractometer with a Ge monochromator in transmission mode (Cu
Kα radiation, flat sample holders) operated at 40 kVand 30 mA.
Fig. 9 SEM micrograph of crystals of 1.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 6957–6962 | 6961
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Magnetic measurement
Magnetic susceptibility data of 1 were measured in the tempera-
ture interval 2.0–290 K at a static external field of 0.1 Tesla
using a Quantum Design MPMS-5XL SQUID magnetometer.
Data were corrected for the contribution of the sample holder
(cylindrical PTFE capsule) and the diamagnetism of com-
pound 1.
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